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is a multiorgan hamartomatous disease caused by loss of function mutations of either the TSC1 or TSC2 genes. Neurological symptoms of TSC predominate in younger patients, but renal pathologies are a serious aspect of the disease in older children and adults. To study TSC pathogenesis in the kidney, we inactivated the mouse Tsc1 gene in the distal convoluted tubules (DCT). At young ages, Tsc1 conditional knockout (CKO) mice have enlarged kidneys and mild cystogenesis with increased mammalian target of rapamycin complex (mTORC)1 but decreased mTORC2 signaling. Treatment with the mTORC1 inhibitor rapamycin reduces kidney size and cystogenesis. Rapamycin withdrawal led to massive cystogenesis involving both distal as well as proximal tubules. To assess the contribution of decreased mTORC2 signaling in kidney pathogenesis, we also generated Rictor CKO mice. These animals did not have any detectable kidney pathology. Finally, we examined primary cilia in the DCT. Cilia were longer in Tsc1 CKO mice, and rapamycin treatment returned cilia length to normal. Rictor CKO mice had normal cilia in the DCT. Overall, our findings suggest that loss of the Tsc1 gene in the DCT is sufficient for renal cystogenesis. This cytogenesis appears to be mTORC1 but not mTORC2 dependent. Intriguingly, the mechanism may be cell autonomous as well as non-cell autonomous and possibly involves the length and function of primary cilia. tuberous sclerosis complex; mammalian target of rapamycin complex 1 and 2; rapamycin TUBEROUS SCLEROSIS COMPLEX (TSC) is a multiorgan hamartomatous disease of the brain, skin, and kidney found in ϳ1 in 6,000 live births (37) . Neurological symptoms of TSC predominate in young patients and include mental retardation, epilepsy, and autism (7) . Renal pathology is less common in young children but is usually seen after the second decade of life. The renal pathology is diverse and includes cysts, angiomyolipomas (AML), and, in rare instances, renal cell carcinoma (21, 34) . AMLs occur in up to 70% of patients with TSC and cysts are seen in ϳ30% of patients (21) . While most kidney lesions are asymptomatic in TSC patients, a subset of patients present with severe polycystic kidney disease (PKD) that causes significant morbidity and mortality (24) .
TSC results from a loss of function mutations of either the TSC1 or TSC2 genes. In normal tissue, hamartin and tuberin (the protein products of TSC1 and TSC2, respectively) form a complex that regulates mammalian target of rapamycin (mTOR) signaling activity (4, 23) . The mTOR kinase regulates many critical cellular processes including control of cell size, proliferation, cell survival, and protein synthesis (14) . mTOR carries out these functions with specific protein binding partners that associate into two distinct complexes. mTOR complex 1 (mTORC1) contains Raptor/mLST8/G␤L, phosphorylates p70-S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1), and controls mRNA translation (29) . mTOR complex 2 (mTORC2) contains Rictor/G␤L/ mSin1, directly phosphorylates and activates Akt and protein kinase C␣, and indirectly activates NDRG1 via SGK1 phosphorylation (10) . In contrast to mTORC1, mTORC2 function is much less well defined but appears to be involved with cytoskeletal regulation (25) . Raptor and Rictor are mutually exclusive binding partners of mTOR, controlling substrate specificity as well as sensitivity to rapamycin, a selective mTORC1 inhibitor. Current data suggest that the hamartin/tuberin complex is a negative regulator of mTORC1 but a positive regulator of mTORC2 (12) . Loss of either hamartin or tuberin then leads to increased mTORC1 activity but decreased mTORC2 activity (12, 35) . Current genetic models of TSC support a germline mutation inactivating one allele of either TSC1 or TSC2 for each patient. Loss of heterozygosity at the other allele allows constitutive activation of mTORC1 signaling, resulting in phosphorylation and activation of ribosomal S6K1 and other downstream targets and is thought to lead to hamartoma formation (5, 26) . Contributions of decreased mTORC2 activity in TSC have not been well studied but may play an important role in TSC pathogenesis.
Accumulating evidence connects mTOR signaling to kidney development and cystogenesis. Large deletions of both TSC2 and PKD1 in a subset of patients with TSC causes TSC and severe kidney disease. Intriguingly, recent reports show a direct physical interaction between tuberin and polycystin-1. This interaction is required for the proper subcellular localization of tuberin as well as mTORC1 inhibition (8, 27) . Additionally, hamartin has been shown to localize to the basal body of the primary cilia, an organelle the dysfunction of which leads to cystogenesis (11) . Furthermore, loss of either Tsc1 or Tsc2 in mouse embryonic fibroblasts and knockdown of tsc1a in zebrafish cause increased ciliary length (9, 11, 38) .
The first animal models of TSC were generated by conventional inactivation of the Tsc1 or Tsc2 genes and revealed an absolute requirement of either gene during embryonic development, as homozygous mutants died before embryonic day 10 (18, 19) . Rodents heterozygous for Tsc1 or Tsc2 develop kidney lesions in adulthood with some kidney lesions progressing to malignancy (18, 19, 36) . To define the role of hamartin in specific organs, conditional knockout (CKO) models of Tsc1 have been generated to dissect tissue-specific pathogenesis in TSC (30, 31, 33, 39) . Conditional loss of Tsc1 in the proximal convoluted tubule (PCT) resulted in cystic kidneys, although the mechanisms linking dysregulation of mTORC1 and mTORC2 signaling with cystogenesis were not extensively studied (39) .
We now show that CKO of the Tsc1 gene in the distal convoluted tubule (DCT) causes cystogenesis. In these kidneys, there is both increased mTORC1 and decreased mTORC2 signaling. Notably, primary cilia in the DCT are longer than those from control mice, suggesting defects in cilia structure and function. Treatment of these CKO mice with the mTORC1 inhibitor rapamycin prevents cystogenesis and normalized cilia length. However, loss of mTORC2 activity alone, through CKO of the Rictor gene in the DCT, did not cause cystogenesis or alter cilia length. Our findings suggest that loss of the Tsc1 gene in the DCT is sufficient for renal cystogenesis in TSC. This appears to require increased mTORC1 activity, possibly through cilia-dependent mechanisms that may be both cell autonomous and non-cell autonomous.
MATERIALS AND METHODS
Mice. Emx1-Cre mice were obtained from Jackson Laboratories (Bar Harbor, Maine; line no. 005628) and maintained on a C57Bl/6 background. Mice with a Tsc1 "floxed" allele were obtained from Dr. D. Gutmann (Washington University, St. Louis, MO) and maintained on a mixed SV129J/C57Bl/6 background. Mice with the Rictor floxed allele were a gift of Dr. Mark Magnuson (Vanderbilt University) and were maintained on a C57Bl/6 background (28 Serum chemistries. Blood samples were collected at euthanasia through cardiac puncture. Initial blood urea nitrogen (BUN) measurements were performed by the laboratory of Dr. Raymond Harris (Vanderbilt University). Additional BUN and serum chemistries performed by Antech (Southaven, MS).
Rapamycin treatment. Rapamycin (LC Laboratories, Woburn, MA) was dissolved in a stock solution at 30 mg/ml in ethanol. Before use, the stock solution was diluted with vehicle 0.25% Tween 20/0.25% polyethylene glycol in PBS. Tsc1 CKO mice and control littermates received intraperitoneal injections with either rapamycin (3 mg/kg) or vehicle twice a week, starting at postnatal days (P)13-15.
Antibodies. Arl13b (1:500; gift of T. Caspary, Emory University, Atlanta, GA), aquaporin 1 (AQP1; 1:500; Abcam), AQP2 (1:500; Abcam), calbindin D-28k (1:2,000; Swant), NCC (1:500; Millipore), fluorescein-labeled Lotus Tetragonolobus Lectin (1:2,000; Vector Laboratories), phospho-Akt Serine473 (clone D9E, 1:1,000; Cell Signaling), phospho-S6 Serine235/236 (1:1,000; Cell Signaling), Akt (1:1,000; Cell Signaling), S6 ribosomal protein (clone 5G10, 1:1,000; Cell Signaling), phospho-NDRG1 Thr346 (1:1,000; Cell Signaling), and actin (1:1,000; Cell Signaling).
Immunofluorescence and imaging. Paraffin sections underwent antigen retrieval in 10 mM citrate buffer. Both frozen and paraffin sections were blocked in 5% normal goat serum, incubated in primary antibodies overnight at 4°C, followed by AlexaFluor conjugated secondary antibodies (Invitrogen) for 1 h. Slides were mounted with Vectashield (Vector Laboratories). Photomicrographs were taken using an Olympus BX UCB epifluorescence microscope and a Hamamatsu ORCA-ER CCD camera. Photomicrographs for cilia were taken on a Nikon spinning disk confocal microscope (Quorum Systems) with Metamorph software. Z-stack images were Z-projected, and cilia length was measured using ImageJ Software (Version 1.43S; National Institutes of Health). Cilia length was measured from calbindin-positive tubules in each photomicrograph using sections obtained from three control and three Tsc1 or Rictor CKO mice. Measurements of cilia length were done while blinded to genotypes or treatment with vehicle or rapamycin. Due to the variability of numbers of visible cilia in each section, between 87 and 150 cilia were measured for each group.
Immunoblotting. Kidneys were snap frozen in liquid nitrogen and homogenized in RIPA buffer containing phosphatase and protease inhibitor cocktails (Sigma-Aldrich). Western blotting was completed using standard conditions. Blots were probed with either horseradish peroxidase-conjugated secondary antibodies (GE Healthcare) or with fluorescent-tagged secondary antibodies, Alexa 680 (rabbit; Invitrogen), and IRDye 800 fluorochromes (mouse and rat; Licor). For horseradish-peroxidase-conjugated secondary antibodies, signal was developed using ECL Western blotting substrate (Pierce, Rockford IL) and visualized on BioMax film (Kodak). Fluorescent-tagged secondary antibodies were visualized using an Odyssey fluorescence scanner. After visualization, digitized band densities were quantitated using ImageJ (National Institutes of Health).
RESULTS

Loss of Tsc1 in the DCT increases kidney size.
Patients with TSC have multiorgan manifestations, usually with early neurological involvement followed by renal involvement in older children and adults. To address the dual pathologies of kidney and brain in TSC, we generated Tsc1 CKO (Tsc1 Flox/Flox ; Emx1-Cre, CKO) mice. While usually described as a "brainspecific" gene, the Emx1 promoter also directs Cre expression in the kidney (2, 15) . Tsc1 CKO mice are postnatally viable but small with extensive brain abnormalities, seizures, and complete mortality by P25 (3). Because available antibodies are not suitable to determine hamartin levels, we assessed Tsc1 gene inactivation by isolating genomic DNA from kidneys and used PCR to determine recombination status. As expected, DNA from Tsc1 CKO kidneys yielded both recombined and unrecombined bands indicating targeted heterogeneity within the kidney while control kidneys had only the unrecombined Tsc1 gene (data not shown). By P15, kidneys from Tsc1 CKO mice were larger than littermate controls (Fig. 1A) . When normalized for total body weight, the difference in kidney size was even more striking (Fig. 1B) . Despite size abnormalities in the Tsc1 CKO kidneys at P15, there was no significant change in BUN between Tsc1 CKO mice and littermate controls (Fig.  1C) . This suggests that Emx1-Cre-driven loss of Tsc1 in the kidney leads to kidney size abnormalities but not overt renal failure, suggesting the premature death of Tsc1 CKO mice is likely due to their extensive brain pathology (3) .
Increased mTORC1 signaling and mild cystogenesis. To determine if abnormalities of kidney size were associated with increased mTORC1 signaling, we measured levels of phospho-S6 in kidney extracts from control and Tsc1 CKO kidneys. P15 CKO kidneys had increased ratios of phospho-S6 to total S6, indicating increased mTORC1 signaling (Fig. 1D) . We also examined mTORC2 signaling using phosphorylation of Akt at Ser473, a sensitive and specific readout of mTORC2 activity (16, 28) . We found a significant reduction of phospho-Akt in these same kidney samples (Fig. 1E) . Additional evidence for F585 CYSTS AND CILIA IN TSC1-DEFICIENT DCT decreased mTORC2 signaling is seen by reduced phosphorylation of NDRG1 at Thr346 (Fig. 1F) . Histological examination of kidneys from Tsc1 CKO mice at P15 showed cystic changes when compared with littermate controls (Fig. 1, G  and H) . Immunofluorescence for phospho-S6 again showed increased mTORC1 signaling throughout the kidney in Tsc1 CKO mice compared with controls (Fig. 1, I and J) . Interestingly, both cystic and morphologically normal appearing tubules had increased mTORC1 signaling.
Emx1-Cre expression in the DCT. To determine expression within the kidney, we crossed Emx1-Cre mice to reporter animals that express GFP only after exposure to Cre recombinase. Animals transgenic for both Emx1-Cre and Z/EG revealed GFP signal within the cortex but not medulla. GFP Fig. 1 . Postnatal day (P)15 Tsc1 conditional knockout (CKO) mice have large kidneys, renal cysts and increased mammalian target of rapamycin complex 1 (mTORC1) signaling. A: kidney weights from control (solid line) or Tsc1 CKO mice (dashed line) at P6 to P15; n Ն 3 for each group. *P Ͻ 0.03. B: kidney weight normalized to body weight from P15 control and Tsc1 CKO mice. (control n ϭ 9; CKO n ϭ 3). *P Ͻ 0.03. C: no differences in blood urea nitrogen (BUN) levels from control and Tsc1 CKO mice. *P Ͼ 0.05, Student's t-test (control n ϭ 13; CKO n ϭ 6). D: immunoblotting for phospho-S6 reveals increased mTORC1 activity. Blots were stripped and reprobed for total S6 levels. E: immunoblotting for phospho-Akt (Ser473) reveals decreased mTORC2 signaling. F: decreased phospho-NDRG1 (Thr346) further reveals decreased mTORC2 signaling in P15 Tsc1 CKO kidney compared with littermate controls. Data were analyzed with Student's t-test. *P Ͻ 0.001 for phospho-S6, P Ͻ 0.05 for phospho-Akt and *P Ͻ 0.005 for phospho-NDRG1. All graphs are plotted as means Ϯ SD, control extract expression levels were set to 100%. G and H: hematoxylin and eosin (H&E) staining of kidney sections from P15 control and Tsc1 CKO mice. Moderate cystic dilations are seen in kidneys from Tsc1 CKO mice. I and J: immunofluorescence for phospho-S6 in control and Tsc1 CKO mice. Phospho-S6 is diffusely expressed in the majority of the Tsc1 CKO kidney but found only in isolated cells in kidney from control littermates. Scale bars ϭ 100 m.
coexpression was determined within the kidney using markers for the DCT (calbindin and NCC), the PCT (Aqp1), and collecting duct (Aqp2). Abundant GFP coexpression was seen with calbindin ( Fig. 2, A-C) , and similar results were seen with NCC (data not shown). While most cells in the DCT were double labeled with GFP, a few calbindin-and NCC-positive cells did not double label, suggesting that a subset of DCT cells did not express Emx1-Cre and were not targeted. GFP did not coexpress with either Aqp1 or Aqp2 in the kidney (Fig. 2, D-L) indicating that Emx1-Cre expression was restricted to the DCT.
Rapamycin withdrawal from Tsc1 CKO mice leads to massive kidney enlargement and severe cystogenesis. To see if kidney abnormalities in Tsc1 CKO mice were dependent on increased mTORC1 signaling, we treated Tsc1 CKO mice twice weekly with rapamycin starting at P14 until P90. Using this regimen, we achieved nearly 100% survival of CKO (D-F and G-I, respectively) . Only faint reporter GFP was observed in the medulla, and this signal did not colocalize with AQP2 (J-L). Scale bar ϭ 100 m. Fig. 3 . Rapamycin treatment partially inhibits cyst formation in Tsc1 CKO mice and upon withdrawal causes giant cystic kidneys. Two groups of mice were treated with rapamycin from P15 to P90. At P90, kidneys from one group of animals euthanized on rapamycin were analyzed. For the second group of animals, rapamycin treatment was discontinued at P90 and mice were euthanized 30 days postrapamycin treatment at P120. A: rapamycin treatment reduces cystogenesis in Tsc1 CKO kidneys. After rapamycin withdrawal Tsc1 CKO kidneys become much larger than those from control littermates (n Ն 3 for each group of control and Tsc1 CKO mice). B: gross images of representative Tsc1 CKO kidneys on rapamycin at P90 (left) or 30 days postrapamycin treatment at P120 (right). C-F: H&E staining of paraffin sections from Tsc1 CKO and control littermate kidneys on or off of rapamycin. Rapamycin-treated Tsc1 CKO mice have slightly dilated tubules at P90 (D) compared with controls (C). At P120, 30 days postrapamycin treatment, kidneys from Tsc1 CKO show large cystic dilations of all tubules (F) compared with littermate controls (E). G-J: immunofluorescence for LTL [proximal convoluted tubule (PCT) marker, green] and the calbindin (DCT marker, red). Dilations of both the PCT and DCT are observed while on rapamycin (H) and postrapamycin treatment (J) compared with controls (G and I, respectively). Graphs are plotted with means Ϯ SD. Data were analyzed with Student's t-test. *P Ͻ 0.001. Scale bar ϭ 100 m.
animals at P90 whereas prior natural history studies (3) demonstrated complete mortality by P25. A group of control and Tsc1 CKO animals were euthanized at P90 while on rapamycin with another group of control and Tsc1 CKO animals euthanized on P120, 30 days after stopping rapamycin. On rapamycin, kidneys from P90 Tsc1 CKO mice were slightly larger than kidneys from littermate controls (Fig. 3A) . However, in the postrapamycin group, kidneys from Tsc1 CKO mice were greatly increased in size compared with control littermates (Fig. 3, A and B) . While some small cysts were seen in P90 Tsc1 CKO kidneys on rapamycin (Fig. 3, C and D) , P120 Tsc1 CKO mice postrapamycin exhibited severely dilated cysticappearing structures (Fig. 3, E and F) . While Emx1-Cre expression appeared to be restricted to the DCT (Fig. 2) , cystic dilatations were seen in Tsc1 CKO in both the PCT and DCT (Fig. 3, G-J) , suggesting both cell autonomous and non-cell autonomous mechanisms.
To further explore mTORC1 and mTORC2 signaling in the kidney, Tsc1 CKO and control mice were treated with rapamycin from P14 to P40. Kidneys were removed within 24 h of the last dose of rapamycin or 2 wk following rapamycin cessation. Immunoblots revealed increased mTORC1 signaling as indicated by pS6 levels in Tsc1 CKO kidneys 2 wk after rapamycin cessation, while levels in Tsc1 CKO and control kidneys on rapamycin were suppressed to levels below those seen in control mice off rapamycin (Fig. 4) . As the Tsc1/Tsc2 genes have been reported to activate mTORC2 signaling, we assessed Akt phosphorylation at Serine473. Using this same group of control and Tsc1 CKO mice, we found significantly decreased levels of mTORC2 signaling in Tsc1 CKO mice that were on rapamycin as well those examined after rapamycin withdrawal (Fig. 4) . These overall results suggest that renal abnormalities in Tsc1 CKO mice are mainly due to mTORC1-dependent signaling. However, rapamycin treatment did not completely reverse the pathology, with P90 animals on rapamycin still displaying cystic changes, suggesting other mechanisms including decreased mTORC2 signaling may contribute. Alternatively, rapamycin treatment starting at P14 may simply be too late to reverse kidney pathology. Rapamycin injections at P6 were attempted but hampered by toxicity and mortality in both Tsc1 CKO and control animals.
Loss of rictor in the DCT is not sufficient to cause overt kidney abnormalities. These findings with rapamycin suggest that reversal of mTORC1 signaling was largely responsible for the kidney pathology in Tsc1 CKO mice. To isolate the contribution of decreased mTORC2 signaling during kidney development, we developed a Rictor CKO mouse model using the same breeding strategy used for Tsc1 CKO mice. These homozygous Rictor floxed mice with a single copy of Emx1-Cre (Rictor CKO) are viable with no overt brain abnormalities (R. P. Carson and K. Ess, unpublished data). At P15, kidneys from Rictor CKO mice also had no noticeable differences in weight compared with control littermates (Fig. 5, A and B) . As antibodies against Rictor did not give reproducible results, mTORC2 signaling was assessed using levels of phospho-Akt (Serine473). No differences were seen in Rictor CKO compared with control mice (Fig. 5C ), likely due to decreased mTORC2 signaling being restricted to the DCT. To determine if the Rictor gene was inactivated, we extracted genomic DNA from kidneys and used PCR to measure recombination. DNA from Rictor CKO mice had unrecombined and prominent recombined bands, indicating Rictor inactivation in a subset of the kidney (Fig. 5D) . Kidney DNA extracted from a control littermate only showed the unrecombined gene. Rictor CKO kidneys appeared normal and indistinguishable from littermate controls (Fig. 5, E and F) . Coimmunofluorescence for phosphorylated NDRG1, a downstream indicator of mTORC2 activity, and calbindin, a marker of the DCT, showed that even in kidneys from control animals the DCT has undetectable levels of endogenous mTORC2 activity (Fig. 5G) . Therefore, further Fig. 4 . Rapamycin treatment normalizes mTORC1 but not mTORC2 signaling in Tsc1 CKO kidneys. Two groups of animals were treated with rapamycin from P15 to P40. Kidneys were taken from the first group of euthanized animals at P40 (n ϭ 4 for control mice and n ϭ 3 for CKO). Rapamycin treatment was discontinued in the second group of animals for 14 days, from P40 to P54 and protein extracts made from these kidneys at P54 (n ϭ 3 for control and n ϭ 2 for CKO). A: mTORC1 signaling, as shown by S6 protein phosphorylation, in Tsc1 CKO kidneys was decreased to that seen in control animals with rapamycin treatment. Postrapamycin phospho-S6 levels were greatly increased. *P Ͻ 0.05. B: mTORC2 signaling, as shown by Akt phosphorylation at Serine473, in P40 Tsc1 CKO kidneys was significantly decreased while on rapamycin. *P ϭ 0.039. While trending towards significance, CKO extracts postrapamycin treatment did not have statistically significant decreases in phospho-Akt (Serine473); P ϭ 0.12.
decreases of mTORC2 activity in the DCT of Rictor CKO animals were not measurable with immunofluorescence (Fig. 5H) . These findings suggest that kidney abnormalities seen after the loss of the Tsc1 gene in the DCT are largely due to increased mTORC1 signaling.
Abnormalities of the primary cilia in the DCT from Tsc1 but not Rictor CKO mice. The precise pathological mechanisms causing cystogenesis or brain malformations in TSC are poorly understood. As other diseases such as Bardet-Biedl Syndrome and Joubert Syndrome also have shared brain and kidney pathology, we hypothesized that abnormalities of the primary cilia may connect TSC to "ciliopathies" (1). This hypothesis was bolstered by a recent report (11) that hamartin is expressed in the basal body and Tsc1-deficient fibroblasts have abnormalities of cilia length. In addition, zebrafish with Morpholino knockdown of tsc1a also have elongated cilia and rapamycin treatment shortened cilia (38) . We measured the length of primary cilia in the DCT from P15 Tsc1 CKO and control mice and found longer primary cilia in the DCT from mutant mice (Fig. 6B) . In contrast, P90 mice on rapamycin did not have changes in cilia length. However, the P120 Tsc1 CKO mice (30 days after stopping rapamycin injections) again had increased cilia length compared with controls (Fig. 6) . To assess the potential contribution of decreased mTORC2 signaling to this phenotype, cilia from P15 Rictor CKO and control littermates were measured with no alterations in their length seen. Our pharmacologic and genetic data suggest that cilia length abnormalities in the DCT are due to increased mTORC1 but not decreased mTORC2 signaling.
DISCUSSION
Our results demonstrate the formation of dilated cystic tubules from selective loss of Tsc1 in the DCT. This extends previous studies (30, 39) that have shown cystogenesis from Tsc1 inactivation in the PCT or from both the PCT and DCT. Additionally, we demonstrate an integral role for abnormal mTORC1 but not mTORC2 signaling in cystogenesis. This is shown by both pharmacological experiments using rapamycin and from the selective inactivation of the Rictor gene in the DCT. Furthermore, we found abnormally long primary cilia in Tsc1-deficient but not Rictor-deficient DCT. The abnormal cilia length in the DCT of Tsc1 CKO mice is also reversible by treatment with rapamycin. These findings strongly suggest that increased mTORC1 but not decreased mTORC2 is the main contributor to cyst formation in TSC. Kidney disease initiation and progression in TSC may be due to defects in the structure or function of the primary cilia, linking TSC to other disorders that have dual kidney and the brain pathologies.
Intriguingly, cystic changes were not restricted to the DCT. This is shown by increased mTORC1 activity at P15 throughout the kidney and cystic dilations within both the PCT and DCT in the kidneys at P120 postrapamycin withdrawal (Fig. 3) . The presence of cysts in compartments other than Emx1-Cre expression domains suggests that non-cell-autonomous processes may be contributing to this cystic phenotype. This may also explain the decrease in mTORC2 signaling seen in Tsc1 CKO but not Rictor CKO kidney. Non-cell autonomous mechanisms have recently been reported in studies (5, 17) using human samples and from a zebrafish model of TSC. Newer therapies for patients with TSC need to consider potential non-cell autonomous mechanisms when designing therapies to alter the course of renal disease. An alternative explanation is that loss of the Tsc1 gene may cause altered cell fate, with DCT cells inappropriately expressing markers of the PCT.
The primary cilium is an important mechanistic link between PKD and the mTOR pathway (13) . PKD is one of several disorders described as a "ciliopathy." Links between cystogenesis and defects in primary cilium were first identified in a mouse model of PKD that has a mutation of Ift88, a gene required for normal primary cilia (22) . Other primary cilium related proteins have been shown to also play a role in cystogenesis (20, 40) . Previously, longer cilia have also been found after kidney injury (32) . Here, our findings of altered cilia length after loss of Tsc1 in the DCT and normalization with rapamycin treatment link mTORC1 signaling to the primary cilia. Hamartin expression at the basal body (11) coupled with elongated primary cilia in Tsc1-or Tsc2-deficient mouse embryonic fibroblasts further supports our findings. In addition to these results with cultured cells, the knockdown of tsc1a in zebrafish also increased cilia length and caused left-right patterning defects and cystic appearing kidneys (9, 38) . The further use of complementary zebrafish and mouse models will greatly enhance our understanding of the role of the TSC genes and mTORC1 in the regulation of primary cilia length and function. Shortened or loss of primary cilia has a clear functional consequence, including altered calcium flux and cell size control in response to flow. However, the functional impact of elongated primary cilia as we have seen here remains to be elucidated. This insight will be particularly useful in studying kidney phenotypes in animal models of TSC and understanding the pathogenesis of PKD and other kidney diseases that have altered mTORC1 signaling.
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